A physical mechanism driving the resistance switching in heterocontacts, formed by a metal counterelectrode and electrically conducting bulk perovskite manganites, is discussed. The nature of the inelastic, charge-hopping transport inside insulating and strongly inhomogeneous metal/manganite interfaces is studied theoretically. Comparison with measured current-voltage characteristics for a La 0 67 Ca 0 33 MnO 3 /Ag heterostructure in a high-resistance state reveals the presence of one or more charge traps along a conduction path within the interface. In a low-resistance state the main charge-transferring events are direct tunneling ones. The analysis of electrical noise measurements for a La 0 82 Ca 0 18 MnO 3 single crystal in three different charge-transport regimes shows scattering centers with a broad, flat spectrum of excitation states, independent of manganite electrical and/or magnetic characteristics. All of these results are consistent with an oxygen-drift model for a bistable resistance state in perovskites.
Introduction
Since its first description more than forty years ago [1] , resistive switching effect, the sudden change of the resistance by the application of a strong electric field, found in transition-metal oxide films of the appropriate thickness sandwiched between two metal electrodes, has been intensively studied. The current rising demand for novel designs of data storage devices with improved performance characteristics has initiated a new generation of experimental work in this field. Their aim is to solve the longrunning controversy on the mechanism behind the phenomenon and, from the applied research perspective, to * E-mail: belogolovskii@rambler.ru create a two-terminal resistance, random access memory cell (for more details and references, see overviews [2, 3] ). Because of their simple structure, such one-bit devices can be easily integrated into highly scalable cross-point and multilevel stacking memory. Although the most straightforward application of the resistive switches is in memory circuits, they can also form hybrid circuits with a traditional CMOS subsystem. In one of the most promising hybrid concepts, called "CMOL", the crossbar is connected to the underlying CMOS circuit with an area-distributed, pin-based interface [4, 5] . A novel application of the twoterminal, capacitor-like nanodevices is a memristor, a nonlinear dynamical device, discovered in 2008 [6] .
In the metal-oxide-metal heterostructures discussed, transitions between two stable states with different resistances can be repeatedly achieved over a wide temperature range by either sweeping the voltage bias V or by ap-plying short voltage pulses. In devices exhibiting bipolar switching characteristics, the resistance can be reduced by an electric pulse of one polarity and increased by a pulse of the opposite polarity whereas the application of a subsequent train of pulses of the same sign does not change their state. As a result, the device's I − V curve has two branches, corresponding to the two internal low-resistive "ON" and high-resistive "OFF" states (as an example, see the inset in Fig. 1 [7] .
Despite a burst of activities triggered by increasing technological interest, many fundamental properties of the electrically induced, nonvolatile resistance change effect remain poorly understood, even for simple two-component insulating oxides, where a key ingredient for the switching phenomenon is believed to be a strong variation of the dielectric resistivity with doping (namely, concentration of oxygen ion defects) [2, 3, 6] . Publications relating more complex three-, four-, and five-component perovskite oxides, including manganites and cuprates, are not so numerous. In this case, a driving mechanism of the OFF-ON switching, as well as its geometrical extension, is still a matter of substantial discussion [8] . The main disputes about the phenomenon in perovskites are concentrated on two issues: (1) whether the resistance change comes from the oxide bulk or is an interface effect [9, 10] ; and (2) if it is a result of an atomic rearrangement or caused by specific features of highly correlated electron systems that reveal a complex interplay of charge, orbital, and spin ordering [11] .
Results
This paper is focused on a quantitative understanding of resistive switchings in heterocontacts formed by a metal counter-electrode and electrically conducting manganese oxides. The choice of the material for the discussion is La 1− Ca MnO 3 . The following is an interpretation of two of our experiments performed earlier [12, 13] that provides important clues on the physical nature of the phenomenon. I give some new arguments showing that metal/manganite interfaces are insulating and strongly inhomogeneous independent of the bulk electric and/or magnetic states of the manganites, and that the inhomogeneity is significantly modified after high-voltage treatments. I follow the main lines of a phenomenological oxygen-drift model [14] [15] [16] , which assumes the presence of oxygen vacancies and their motion in close proximity to the metal/manganite interface as a driving factor of the phenomenon discussed.
As shown in Ref. [17] , an out-diffusion of oxygen from the manganite surface (already at the stage of the preparation of both point-contact and planar-type heterostructures) results in the appearance of a depleted interface layer (oxygen deficient compared to the bulk). It is known [18] that the resistance of conducting manganites increases strongly with reduction in oxygen content. Because of it, the resistance of the device comes principally from the interface region between the perovskite oxide surface and the metal electrode. The application of an external electrical current across the contact causes charged oxygen vacancies to drift. The spatial modulation of their concentration implies a modulation of the resistivity across the system. As a result, a strongly inhomogeneous network of charge traps is formed within the dielectric material. Small-size nano-islands are near the electrode, whereas larger ones are concentrated in the nano-sized transition region between the metal and the manganite bulk, which acts as a reservoir for the vacancies. Conducting transport in the metallic manganites is mediated by small polarons controlling the bulk resistivity of the samples (but not by the oxygen vacancies). Upon application of a voltage bias, carriers move across the inhomogeneous interface by hopping through the nano-islands, providing conducting bridges between the metal electrode and the manganite bulk. Notice that, in the present study, spin-dependent tunneling processes in the ferromagnetic manganite, as well as charging effects in nanometer-scale islands, are not taken into account because, first, their effect is limited by low voltages and does not drastically influence the overall behavior of an I − V characteristic in a broad range of voltages and, second, the spin-flip mechanisms are strongly suppressed in magnetic nanoparticles [19] . In order to explain the analytical behavior of currentvoltage characteristics in low-and high-resistance states, I turn now to model calculations of the conductance across chains of random, localized states, separated by distances of the order of a few nanometers. In the presence of a bosonic-excitation field with strong coupling to charge carriers (just manganites with the electron-phonon interaction constant above unity [20] ), the dominant transport mechanism for such percolation paths is inelastic hopping along quasi-one-dimensional chains of N domains with nearly optimal configuration [21] . The low-temperature differential conductance G(V ) = I(V )/ V of a nano-sized tunnel junction formed by a pair of such states can be calculated by including inelastic scattering events in a conventional, two-terminal, single-channel, Landauer formula [22] :
where V is the potential drop over the junction, (ω) is the probability of the electron transmission from the junction's left side to the right one via inelastic collisions with bosonic excitations (e.g., phonons) with an energy ω. The inelastic processes provide a positive contribution to the tunneling current, with (ω) proportional to the average Eliashberg electron-boson interaction function α 2 F (ω) = α 2 F (k k ω) , which characterizes scattering of an electron from k to k by exchanging bosonic energy ω. Hence, the derivative of the inelastic contribution
is an even function of its argument and, hence,
with
, the even part of the junction differential conductance. Let us return to a dielectric metal/manganite interface, where electron wave functions decay exponentially over the characteristic length . If the interface thickness is less than the value of , the dominant conduction process is direct tunneling between the electrodes-both elastic and inelastic. An elastic contribution to the even part of the conductance-versus-voltage characteristic is a parabola [23] 
with G 0 proportional to exp(−2 / ), whereas its inelastic part is, according to Eq. (2),
For most metals studied, in the case of phonons as mediating bosons, the shape of the average spectral function α 2 F (ω) resembles that of the phonon density of states F (ω) [24] . Let us look, for example, at F (ω), obtained in neutron scattering experiments [25] for a polycrystalline sample of La 0 625 Ca 0 375 MnO 3 . We can see that, within the range of ω from 10 to 70 meV, the average deviation of the phonon density of states from its mean value is not more than 20 percent. Because of it, in this energy interval we may use an approximation F (ω) ≈ const, which results in a linear behavior of G (+) in (V ) within the corresponding voltage range. As the barrier thickness increases, hopping along chains containing localized states is favored, because in this case it is not necessary to transfer quantum-mechanically the whole distance between the electrodes, but rather to jump from the left (L) electrode to the first state, lose the phase memory, then transfer to the second nano-island and, after all hopping events, to jump to the right (R) electrode. In the general case, for a chain of N domains we get the following formula:
and
For elastic hopping events between and states, we should write in the integrand corresponding deltafunctions δ(ε ). Let us assume that an electron loses its energy while transferring across the interface only once, whereas other jumps are elastic ones. Then chains of the optimal configuration correspond to the case where all transmission probabilities T are equal. Taking into account that, for an inelastic-scattering jump,
in the case of N= 1, we find that
The factor exp(− / ) = exp(−2( /2)/ ) reflects the presence of two-step tunneling across the interface. Integrating over ε L1 in Eq. (3), we obtain
In the case of N= 2 we get
The latter result is well known from the paper by Glazman and Matveev [26] , who investigated the process of inelastic tunneling across the dielectric through two localized states coupled elastically to the nearest electrodes. At the same time it should be emphasized that this specific power law was derived in Ref. [26] using a linear (soundlike) phonon dispersion that is not valid for manganites at energies above 10 meV. In my opinion, the reason why the formula
often works is the formal coincidence of Eq. (4), obtained by approximating F (ω) ≈ const, with the corresponding equation in Ref. [26] . (See also Eq. (3.3) in Ref. [21] and a related analysis of current-voltage characteristics for manganite grain-boundary junctions in Ref. [27] ). Thus, it has been shown above that the even part of the differential conductance G(V ) of a thin, inhomogeneous, insulating, metal/manganite interface is a power function of the voltage
with an index characterizing the nature of the electron transferring regime. Measuring the index experimentally, we can get information about the physics of electron transport processes across the dielectric layer and the nature of bosonic excitations in it. The best way to distinguish between different transport mechanisms is to find the index experimentally by plotting a function sample with an Ag counter-electrode pressed into its surface, which was calculated using a typical hysteresis and strongly nonlinear current-voltage loop from Ref. [12] (see the inset in Fig. 1) , with the ratio of resistances in OFF and ON states nearly 5. Within a standard tunneling model [23] , the conductance of a metalinsulator-metal sandwich exponentially decays with increasing barrier thickness . It is unlikely that the factor of 5 can be a direct result of the change (if so, it should be significantly less than the interatomic distance), but rather a manifestation of a new conduction process caused by increasing the value. Our analysis of the experimental data does confirm this statement. From Fig. 1 we can see that, in a low-resistance state, direct inelastic processes dominate the low-bias transport ( = 1), whereas at voltages above the highest phonon energies, they are replaced with elastic ones ( = 2). On the contrary, in the high-resistance state, with a transition layer that is strongly disordered due to the increased number of oxygen vacancies, we are dealing with inelastic hopping via a single localized state for energies lower than a characteristic phonon energy and via chains of two or more localized states above it.
The question addressed in the analysis of another set of our experiments [13] is the presence of the inhomogeneities in different manganite phases. It is widely accepted that electrical noise measurements are among the most sensitive techniques probing internal dynamical properties and can be used to learn the nature of electrical fluctuations in the materials studied. There are several different conclusions about the fluctuations in perovskite oxides. In particular, existence of two-level fluctuators is related to the dynamic coexistence of two phases in a phase-separated state, that is, to an electronic origin of the noise [28] , or to fluctuating magnetic moments in a heavily disordered grain-boundary region [27] , or is explained as a result of oxygen-defect dynamics [29] . The idea of the noise experiment [13] was to compare electrical conductance and noise properties in manganites with totally different electric and magnetic properties. The choice of the material in this case was a dc-current biased, lowdoped, La 0 82 Ca 0 18 MnO 3 single crystal with unique lowtemperature transport characteristics. As temperature is decreased from the ambient level, the sample undergoes a paramagnetic-ferromagnetic transition at T = T C nearly 180 K and finally enters the ferromagnetic insulating state slightly above 100 K. Because of this, in the temperature interval from 300 to 77 K, we have three regions with distinct charge transport regimes: hopping, percolating metal-like, and intrinsic tunneling. We may compare the nature of corresponding resistive fluctuations within the same sample only by changing its temperature.
It follows from the inset in Fig. 2 that, for a fixed frequency, the noise intensity S(ω T ) vs. temperature dependence follows that of the sample resistance R(T ). This observation does agree with an assumption of a dominating role of oxygen dynamics in the electrical conduction (oxygen vacancies act as strong scatterers for the current carriers), as well as in resistive fluctuations. Moreover, in Ref. [13] it was found that at all temperatures, the noise (scaled as a -temperature dependence; dashed-dotted, dashed, and dotted lines correspond to current biases 1.5, 3.5, and 5.5 mA, respectively [13] .
square of the current bias) is of a 1/ α spectral form, with α nearly unity, independent of the dissipation mechanism.
According to the most popular Dutta-Horn model [30] , 1/ α noise is caused by thermally activated, electron scattering centers, with a very broad distribution P(E) of activation energies E If so, then the spectral noise power density S(ω T ) should follow the relation [30, 31] 
with τ −1 0 being the attempt frequency. My aim is to show that this formula is valid within all three transport regimes, in spite of great differences in related P(E) distributions, and to prove the unified character of the internal charge-scattering dynamics in manganites. To verify this, I compare the derivative of the function K (ω T ) = S(ω T )ω/ B T over T at a fixed frequency = 1 Hz,
calculated from a smooth curve fit to our S(ω,T )-vs.-T data [13] , with the frequency derivative
obtained from related S(ω,T )-vs.-ω measurements [13] . A good coincidence of the two dependencies shown in Fig. 2 proves that the presence of a broad flat spectrum of relaxing states (supposedly caused by oxygen dynamics) in all three transport regimes of the same manganite single crystal is a necessary condition to explain the observed noise temperature and frequency dependencies. Within this physical picture, growth of the noise with increasing current bias, observed in the inset in Fig. 2 , is associated with the field-enhanced excitation of localized charges from the traps.
Conclusions
In conclusion, inelastic charge hopping along quasione-dimensional chains of charge traps inside dielectric material has been studied theoretically. It has been found that the even part of the differential conductance of a thin inhomogeneous metal/manganite interface is a power function of the voltage, with a power index characterizing the physics of charge transport processes and the nature of involved bosonic excitations. Comparison with a measured current-voltage characteristic for a La 0 67 Ca 0 33 MnO 3 /Ag heterostructure in the highresistance state reveals the presence of one or more domains along a conduction path within the interface between the metal counter-electrode and the manganite, whereas in the low-resistance state, main charge transferring events are direct tunneling ones. The analysis of electrical noise data for a La 0 82 Ca 0 18 MnO 3 single crystal that undergoes three different charge transport regimes within the temperature interval from 300 to 77 K shows the presence of scattering centers with a broad flat spectrum of excitation states, independent of manganite electrical and magnetic properties. All of these results are consistent with an oxygen-drift model for the resistance switching phenomenon in transition-metal oxides. It also provides important new arguments proving that this effect is directly linked with local modifications of the manganite resistivity sharply growing with increasing number of oxygen vacancies (in contrast to insulating binary oxides). The active region in the conducting manganese oxides where resistance-state switching takes place should be of a nanometer scale, whereas the main part of the manganite plays the role of a reservoir for oxygen vacancies. At the same time, I want to stress the need for additional and more detailed experiments in order to prove definitely the oxygen-dynamics mechanism for resistive switching effects in manganites. This paper, in my opinion, provides a way of analyzing related experimental data.
Returning to practical applications of scalable resistive switches based on transition-metal oxides, note that the first critical issue in their development is making a proper choice between device simplicity and functionality. On one hand, compared with nanodevices based on binary oxides, those using perovskites are more complicated, with great challenges related to their stability over both time and temperature. On the other hand, the occurrence of additional functionalities, such as the colossal magnetoresistive effect in manganites, provides a possible way to imprint nonvolatile memory simultaneously by two independent mechanisms (namely, on interface layers and in the bulk volume fraction, driven by electric and magnetic fields, respectively, [32] ). That can strongly enhance nonvolatile memory capabilities. Recent experiments with heterocontacts based on bulk manganites have shown promising applications of the perovskites as advanced resistance switches.
